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1. INTRODUCTION

The usage of conventional energy sources such as coal, oil, and gas 
has led to significant issues including environmental pollution and the 
greenhouse effect [1,2]. As a result, there has been a lot of interest 
in the development of sophisticated energy conversion and storage 
technologies that are affordable, eco-friendly, and non-toxic [3-5]. 
Direct methanol fuel cells (DMFCs) have certain notable advantages as 
sustainable and clean energy sources, such as high-energy conversion 
efficiency, low operating temperature, and little pollutant output [6-9]. 
Microbial fuel cells (MFCs), a revolutionary electro-biochemical 
device that can transform organic pollutants into power, have also 
received a lot of interest. Electrons, produced by organic pollutants 
that are being broken down by electrogenic bacteria growing on the 
anode surface, are transmitted to the cathode, where they react with 
electron acceptors [10,11]. The use of solid oxide fuel cells (SOFC), 
in which oxygen molecules from the air are reduced to oxygen ions 
at the cathode and then transferred to the anode to oxidize the fuel 
molecules, such as H2 and CO, can accomplish efficient, clean, and 
direct conversion of chemical energy to electrical energy.

The electrode polarization resistance is thought to be primarily 
caused by the oxygen reduction process [12]. However, to overcome 
the significant overpotential of the oxygen reduction reaction (ORR) 
at the cathodes, effective catalysts are needed. Despite the fact that 
platinum-based nanoparticles are considered to be the best catalysts 
for oxygen reduction reactions, non-noble metal catalysts for fuel cell 

applications have been developed as a result of platinum’s rising cost, 
poor availability, and scarcity [13-15], as well as the ease with which it 
may be poisoned by a range of compounds (such as HS-, Cl-, and CO). 
Certain transition metals, such as Ni, Co, and Fe, are less expensive, 
more plentiful, and more toxin-resistant than precious metals, such 
as Au, Ag, Pt, and Pd [16,17]. As a result, non-precious transition 
metal alternatives, such as transition metal oxides, hydroxides, and 
sulfides, as well as their hybrids, have been thoroughly investigated as 
extremely effective and affordable oxygen catalysts for ORR [18-21].

In recent years, research on catalysts for ORR in fuel cells (namely, 
DMFC, MFC, PEMFC, and SOFC) has been reported widely. As the 
ORR at the cathode restricts the overall cell performance, since it 
is 6 or more orders of magnitude slower than the anode’s hydrogen 
oxidation process; practically, all research and development efforts 
are directed at developing better cathode catalysts and electrodes. The 
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ABSTRACT
Polyaniline (PANI) is a conducting polymer that has gained attention as a matrix material for oxygen reduction reaction (ORR) 
catalysts due to its high surface area, good electrical conductivity, and stability. In this comparative study, the electrochemical 
properties of nickel oxide (NiO) and cobalt (II,III) oxide (Co3O4) catalysts, both embedded in a PANI matrix, were investigated 
and compared for ORR. The NiO and Co3O4 catalysts were synthesized using a simple reduction method and embedded in 
the PANI matrix through mechanical mixing. The synthesized catalysts were characterized using X-ray diffraction, Fourier-
transform infrared spectroscopy, and ultraviolet (UV)-visible spectroscopy. The electrochemical performance of the NiO/PANI 
and Co3O4/PANI catalysts was evaluated using cyclic voltammetry and electrochemical impedance spectroscopy. The results 
showed that NiO/PANI catalyst possessed slightly higher activity than the Co3O4/PANI catalyst. The stability of the catalysts 
was also investigated from a cyclic voltammogram, where the catalysts were cycled between −0.7 V and 1.5 V for 100 cycles. 
The results showed that the NiO/PANI and Co3O4/PANI catalysts both exhibited good stability. Overall, the comparative study 
demonstrated that both NiO/PANI and Co3O4/PANI catalysts exhibited good electrocatalytic activity and stability for ORR. The 
study also showed that the PANI matrix provided stable and conductive support for the catalysts. The results suggest that both 
NiO and Co3O4, embedded in a PANI matrix, have the potential to be used as low-cost and efficient catalysts for ORR.
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following variables are taken into account when considering ORR 
catalysts for mass production: (a) Lesser generation of H2O2 during 
the ORR and (b) better tolerance of contaminants (such as Cl-). Both 
their durability and cost-effectiveness must be satisfactory. Kinetic 
losses, mass transport losses, and IR losses are the three processes that 
reduce the performance of fuel cells. Since kinetic losses are difficult to 
overcome and increasing the ORR activity would only result in gains 
of 60 to 70 mV, the ORR predominates in fuel cell kinetic loss [22,23].

The initial publication of cobalt phthalocyanine’s ORR activity 
by Jasinski in 1964 paved the way for a plethora of studies on the 
synthesis, characterization, and optimization of catalysts consisting of 
transition metals [24]. Just a few number of studies, to our knowledge, 
have examined the catalytic activity of transition metals in their oxide 
or zero-valent states, that is, without the presence of chemically 
connected heteroatoms. The catalytic activity of nickel electrodes 
in an alkaline medium toward ORR was studied in the 1960s and 
1970s [25]. Such electrodes demonstrated notable oxygen reduction 
activity when maintained at a lower potential for extended periods of 
time. Nevertheless, in the absence of this pre-treatment, nickel’s strong 
oxidability caused the development of several surface compounds, 
which considerably slowed the reaction rate of oxygen reduction. The 
authors, further, reported in 1976 that hydrogen peroxide was produced 
by oxygen reduction on NiO through a two-electron mechanism. This 
was later validated by another group. This work provided a report on the 
reactivity of nickel and cobalt-based catalysts that are produced using 
various methods and described the scientific paths used in the attempts 
to obtain catalysts for ORR [26-28]. Moreover, the disproportionation 
reaction of hydrogen peroxide, an undesired intermediate in ORR, 
can be catalyzed by iron group transition metal oxide (i.e., Co3O4 and 
NiO), extending the catalyst lifetime [29,30]. With this backdrop, the 
present work aimed at comparatively analyzing the efficiency of two 
of the most promising alternatives to Pt-based catalysts, namely nickel 
oxide/polyaniline and cobalt(II,III) oxide/polyaniline catalysts, toward 
oxygen reduction reaction.

2. EXPERIMENTAL

2.1. Materials
Nickel chloride hexahydrate (NiCl2.6H2O), cobalt(II) nitrate 
hexahydrate (Co(NO3)2.6H2O), sodium borohydride (NaBH4), aniline, 
ammonium peroxodisulfate (APS), sodium hydroxide (NaOH), HCl 
(hydrochloric acid), acetone, and methanol were all purchased from 

Sigma Aldrich were used. De-ionized (DI) water was used for all the 
experiments.

2.2. Synthesis of PANI Support Matrix
In a sample vial, aniline (100 mM) was dissolved in chloroform and 
allowed to settle. To that solution, 100 mM APS dissolved in 1 M 
aqueous HCl was added. After 5 min, the polyaniline synthesis at the 
chloroform water contact is visible. After allowing the reaction to run 
for 24 h, the fibers were collected by filtration. To remove unreacted 
monomer and initiator, the polymer nanofibers were thoroughly rinsed 
with deionized water [31]. A schematic of the catalyst preparation 
process has been presented in Scheme 1.

2.3. Synthesis of NiO and Co3O4

Catalytic precursor salts of nickel chloride hexahydrate (NiCl2.6H2O) 
and cobalt(II) nitrate hexahydrate (Co(NO3)2.6H2O were separately 
combined with deionized water and isopropanol (1:1) to form 
NiO NPs and Co3O4 NPs, respectively, under continuous stirring 
conditions. For both the salts, the pH of the solutions was raised to 
8 after the addition of NaOH. The precursor-ink mixture was then 
dropwise added 20 mL of 0.2 mol L-1 NaBH4 solution for 30 min. The 
solution was then agitated for 1 h before being cooled and washed 
with DI water to remove all chloride ions. The catalyst powder 
was then vacuum-dried at room temperature for 24 h [32-34]. The 
obtained dried catalysts (80 wt%) were then separately mixed with 
the PANI support matrix (20 wt%) thoroughly using a mortar pestle 
for a duration of 30 min.

2.4. Preparation of Working Electrode and Electrochemical 
Measurements
In a three-electrode system, a glassy carbon electrode was used as the 
working electrode, a Pt wire as the counter electrode, and Ag/AgCl 
as the reference electrode. After being sonicated with DI water, the 
catalyst/support mixture was further mixed with a trace of isopropanol 
and again ultrasonicated for 30 min to ensure uniform dispersion. 
The resulting slurry was applied to the surface of the glassy carbon 
electrode. Before being purged with ultra-pure oxygen gas, all three 
electrodes were immersed in 0.1 M phosphate buffer solutions. In 
potential ranges ranging from −0.8 V to +0.8 V, electrochemical cyclic 
voltammetry (CV) tests were performed. For this purpose, the scanning 
rate used was 100 mVs-1.

Scheme 1: Steps involved in the synthesis of NiO and Co3O4 electrocatalysts embedded in PANI matrix.
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2.5. X-Ray Diffractometric (XRD) Analysis
Using a Cu-Kα radiation (1.541 Å) and a fixed scan rate of 1° min-1, 
XRD patterns of the produced catalyst nanoparticles were recorded 
by an X-ray diffractometer (Philips Analytical PW1710, Almelo, the 
Netherlands).

2.6. Electrochemical Impedance Spectroscopic (EIS) Measurements
At 25°C, EIS measurements were taken in a three-electrode cell 
connected to a computer-aided potentiostat/galvanostat. A catalyst-
loaded glassy carbon electrode, a Pt wire, and an Ag/AgCl electrode 
with oxygen-saturated 0.1 M phosphate buffer solution served as 
the working, counter, and reference electrodes, respectively. These 
experiments used a 5 mV amplitude, a frequency range of 30 kHz 
to 30 mHz, and a potential of 0.3 V. The Nyquist plots were used to 
evaluate the resistances provided by the cells.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis
The XRD patterns obtained for the Co3O4 and the NiO are shown in 
Figure 1. The diffraction peaks obtained for the Co3O4 at 2θ values of 
31.19°, 36.65°, 44.62°, 55.52°, 59.19°, and 65.1° represent the (220), 
(311), (400), (422), (511), and (440) planes of Co3O4, respectively [35]. 
Further, the strong diffraction peaks obtained for the NiO at 2θ values 
of 36.84°, 43.20°, 62.53°, 74.99°, and 78.72° correspond to the (111), 
(200), (220), (311), and (222) facets, respectively [36]. There were no 
impurity peaks observed for nickel oxide. Figure 1 further presents 
the XRD patterns obtained for PANI, NiO/PANI, and Co3O4/PANI at 
room temperature. The diffraction peaks obtained at 2θ values 15.1°, 
20.7°, and 25.5° represent (011), (020), and (200) planes of PANI, 
respectively [37].

3.2. FT-IR Analysis
Figure 2b and c show the Fourier-transform infrared spectroscopy 
spectra obtained for NiO and Co3O4. Co3O4 showed three absorption 
bands at 3738, 1741, and 1516 cm-1, which belong to absorbed water 
molecules. Moreover, there are two particular bonds produced from 
the stretching vibration of the Co-oxide bond. The first one is at 
663 cm-1, resulting from the vibration of Co(III)-O bonds, and the 
second one is at 567 cm-1, related to the Co-stretching [38]. In NiO, 
peaks at 746.45 and 860.2 cm-1 were observed because of Ni-O bond 
stretching vibration [39]. The broadness of the peak indicated that the 

synthesized NiO is crystalline in nature. The broad peaks observed at 
3450.6, 1645, and 1427 cm-1 may be due to the stretching and bending 
vibrations of –OH group absorbed on the catalyst surface from the 
atmosphere. The characteristic peaks of PANI [Figure 2a] were also 
clearly realized, with some extent of shifting, in the spectra of Nio/
PANI and Co3O4/PANI mixtures [Figure 2b and c].

3.3. UV Analysis
Figure 3 depicts the UV-visible absorption spectra of NiO and 
Co3O4 nanoparticles obtained at room temperature. The value of the 
absorption of NiO particles was 385 nm, while for Co3O4 particles, it 
was 270 nm [40,41]. These peaks correspond to the formation of NiO 
and Co3O4 particles. The optical band gaps of NiO and Co3O4 particles 
have been calculated from the corresponding absorption spectrum 
using the energy wavelength relation, as given by Eq. (1).

Eg=hv/λ (1)

Where Ε stands for Energy and λ for wavelength. The corresponding 
band gap energies of NiO and Co3O4 have been calculated as 3.2 eV 
for NiO and 4.5 eV for Co3O4.

3.4. Electrochemical Characterizations
CV analysis was performed using a three-electrode system with a glassy 
carbon working electrode, a platinum wire counter electrode, and an 
Ag/AgCl reference electrode to determine the ORR catalyst activities 
of the prepared electrocatalysts. On the working electrode surface, NiO/
PANI and Co3O4/PANI samples were deposited. CV measurements 
were taken in an oxygen-saturated 0.1 M phosphate buffer solution at 
scan rates of 50, 100, 150, and 200 mVs-1. It was observed that for both 
NiO/PANI [Figure 4b] and Co3O4/PANI [Figure 4a], the CV curves had 
well-defined redox peaks, indicating the presence of reversible redox 
reactions. The cathodic and anodic peaks were found at potentials 
ranging from -0.7 V to 1.5 V versus Ag/AgCl, which is typical for ORR 
catalysis. The peak currents observed for NiO and Co3O4 were 0.65 
and 0.38 mAcm-2, respectively, indicating that NiO/PANI has slightly 
greater electrocatalytic activity for ORR than Co3O4/PANI.

Figure 4c shows that the forward peak potential (EF) of the synthesized 
NiO/PANI shifted more positively (100 mV) than that of the synthesized 
Co3O4/PANI. At a potential of 0.0 V, the prepared NiO/PANI exhibited 
a backward peak potential (EB), that is, the cathodic peak. When the 
NiO/PANI was used for the ORR, a 100 mV shift was obtained when 
compared to the Co3O4/PANI. The onset potential and half-wave 
potential of NiO/PANI and Co3O4/PANI for ORR were determined 
from the CV curves to further investigate their electrocatalytic activity. 
For both NiO/PANI and Co3O4/PANI, the onset potential (or the 
potential at which the current begins to increase) was found to be 1 V 
versus Ag/AgCl. The half-wave potential for NiO/PANI was found to 
be 0.5 V versus Ag/AgCl and 0.55 V versus Ag/AgCl for Co3O4/PANI.

The stability of NiO and Co3O4 for ORR can be assessed from 
Figure 4d, which was obtained by performing CV measurements after 
100 cycles. The CV curves for NiO and Co3O4 both showed small 
significant changes in the peak positions or shapes, indicating that the 
materials are less stable over repeated ORR cycles.

3.5. Electrochemical Impedance Spectroscopic Analysis
Impedance data were analyzed by fitting it to the equivalent circuit, 
as shown in Figure 5 (inset). In this circuit, Rs, CPE, and Rct represent 
the solution resistance, a constant phase element corresponding to the 
double-layer capacitance and the charge transfer resistance associated 
with the ORR, respectively. Nyquist plots have been obtained for the 
NiO/PANI and the Co3O4/PANI in O2-saturated 0.1 M phosphate buffer 
solutions at room temperature [Figure 5]. The resultant impedance 

Figure 1: X-ray diffraction spectra of PANI, NiO, Co3O4, NiO/
PANI, and Co3O4/PANI.
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value obtained for the NiO/PANI was lower than that obtained for 
the Co3O4/PANI catalyst. This result suggests that the conductivity of 
the synthesized NiO/PANI is comparatively higher than Co3O4/PANI 
catalyst. The Co3O4/PANI exhibited a higher Rct value of 30 Ω than 
that obtained for NiO/PANI, that is, 18 Ω, which was responsible for 
the deactivation of the reaction kinetics.

3.6. Cost Analysis
The ORR is a critical reaction in many energy conversion devices, 
including fuel cells and metal-air batteries. Pt is widely used as the 
catalyst for ORR due to its high activity, but it is expensive and 
rare [42]. Therefore, researchers have been investigating alternative 
catalysts that are more abundant and less expensive, such as the ones 
presented in this work – NiO and Co3O4. Cost analysis of NiO and 
Co3O4 compared to Pt for ORR depends on several factors, including 
the cost of the raw materials, the cost of processing the materials, 
and the performance of the catalysts. In terms of the cost of raw 
materials, NiO and Co3O4 are significantly cheaper than Pt. According 
to the periodic table of elements, the cost of nickel and cobalt is 
around 3–4 orders of magnitude cheaper than platinum. However, 
NiO and Co3O4 have lower electrocatalytic activity compared to Pt 
and, therefore, require larger amount of catalyst to achieve the same 
performance [43]. Therefore, the overall cost of using NiO and 
Co3O4 can be comparable or higher than Pt, depending on the specific 
application and performance requirements. Furthermore, the stability 
and durability of NiO and Co3O4 are inferior to Pt, which may require 
more frequent replacements, leading to a higher long-term cost [44]. 
Nonetheless, recent advances in material synthesis and catalyst design 
have shown improvements in the activity and stability of NiO and 
Co3O4, making them a promising alternative to Pt.

The overall expense involved in the synthesis of the catalyst, 
taking into account the cost of the chemicals used and the energy 
consumption during the entire process (i.e., reduction, ultra-
sonication, stirring, filtration, cooling, washing, and drying) for 
NiO, Co3O4, and PANI was in the range of US $25 to $35/g. On the 
other hand, the cost of the commercial Pt-NPs (Sigma Aldrich [St 
Louis, MO, USA], CAS Number 7440-06-4) was US $197 per gram. 
Therefore, a considerable reduction in the cathode catalyst’s cost can 
be realized on using NiO and Co3O4 in place of the commercially 
available Pt-NPs.

Figure 2: Fourier-transform infrared spectroscopy spectra of (a) PANI, (b) NiO and NiO/PANI, and (c) Co3O4 and Co3O4/PANI.

a b

c

Figure 3: Ultraviolet-visible spectra of (a) Co3O4 and (b) NiO.

a

b
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4. CONCLUSION

The synthesized cathode electrocatalysts, NiO/PANI and Co3O4/
PANI, for oxygen reduction reaction (ORR) have shown promising 
results. These catalysts have demonstrated good catalytic activity for 
ORR, and their performance can be further enhanced by optimizing 
their composition, morphology, and surface structure. NiO catalysts 
have shown to be more stable and durable than Co3O4 catalysts under 
ORR conditions. The addition of other metals or doping elements 

can significantly improve the ORR activity and stability of NiO and 
Co3O4 catalysts. The NiO and Co3O4 with polyaniline, functioning 
both as a support matrix and a binding agent, have shown promising 
results as a Nafion-free catalyst, exhibiting excellent electrochemical 
performance, with high activity, stability, and durability, comparable 
to or even better than traditional Nafion-based catalysts. These results 
indicate that NiO and Co3O4 with polyaniline have great potential for 
use in fuel cell and other energy conversion devices, and can pave 
the way for the development of new and more efficient Nafion-free 
catalysts for ORR.
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